Background: Heterogeneous nuclear ribonucleoprotein (hnRNP) A2/B1 is an important RNA-binding protein that affects the RNA processing, splicing, transport and stability of many genes. hnRNPA2/B1 is expressed during proliferation and metastasis of various cancer types and promotes such processes. However, the precise role and mechanism of hnRNPA2/B1 in breast cancer remain unclear. Methods: The association of hnRNPA2/B1 with breast cancer metastasis was assessed using tissue chips, mouse models and publicly available data. The role and mechanism of hnRNPA2/B1 in breast cancer metastasis were studied in cell lines and mouse models. Findings: In contrast to other cancer research findings, hnRNPA2/B1 expression was negatively correlated with breast cancer metastasis. hnRNPA2/B1 inhibited MDA-MB-231 triple-negative breast cancer (TNBC) cell metastasis in vitro and in vivo. hnRNPA2/B1 knockout activated ERK-MAPK/Twist and GR-beta/TCF4 pathways but inhibited STAT3 and WNT/TCF4 signalling pathways. Profilin 2 (PFN2) promoted breast cancer cell migration and invasion, whereas hnRNPA2/B1 bound directly to the UAGGG locus in the 3 0 -untranslated region of PFN2 mRNA and reduced the stability of PFN2 mRNA. Interpretation: Our data supported the role of hnRNPA2/B1 in tumour metastasis risk and survival prediction in patients with breast cancer. The inhibitory role of hnRNPA2/B1 in metastasis was a balance of downstream multiple genes and signalling pathways. PFN2 downregulation by hnRNPA2/B1 might partly explain the inhibitory mechanism of hnRNPA2/B1 in breast cancer metastasis. Therefore, hnRNPA2/B1 might be used as a new prognostic biomarker and valuable molecular target for breast cancer treatments. EBioMedicine journal homepage: www.elsevier.com/locate/ebiom cellular processes, such as cancer cell metabolism [8, 9] , migration [10], invasion [11], proliferation [12], survival and apoptosis through RNA processing [13], splicing, transportation [14] and stability of a number of downstream target genes [15]. hnRNPA2/B1 is highly expressed in many cancers, such as pancreatic [16], liver [17], lung [18], breast [19] and prostate cancer [20] as well as in malignant glioma [21] . As an alternative splicing factor, hnRNPA2/B1 alters the alternative splicing of pyruvate kinase isozyme M2 in cancer cells and activates the switching of metabolism to aerobic glycolysis [9] . In KRAS-dependant human pancreatic ductal adenocarcinoma cells, hnRNPA2/B1 knockout significantly reduces the viability, anchorageindependent proliferation and formation of xenograft tumours, increases the apoptosis of cells and inactivates AKT signalling [22] . hnRNPA2/B1 knockout reduces cell viability, migration and invasion and decreases P-STAT3 and MMP-2 in glioblastoma cells [11] . Silencing hnRNPA2/B1 in lung cancer cells increases E-cadherin and inhibits lung cancer metastasis and EMT progression [23] . The above studies indicate the important role of hnRNPA2/B1 in carcinogenesis, invasion and metastasis. However, the precise function of hnRNPA2/ B1 and its molecular mechanism in breast cancer have not been comprehensively investigated. In the present study, our results demonstrate that hnRNPA2/B1 has a distinct role and molecular mechanism in breast cancer compared with other tissue-derived cancer cells.
Introduction
Metastasis is the main feature of cancer cells and the leading cause of death in clinical patients with cancer. Most patients with cancer die from metastases rather than from their primary tumours [1] . Breast cancer is the most commonly diagnosed malignant tumour and the leading cause of cancer deaths in women worldwide. In 2018, approximately 2.09 million women were diagnosed with breast cancer (11.6% of all cancer sites) worldwide, from which 0.63 million women died [2] . Distal metastasis is also the leading cause of high mortality in breast cancer [3] . Despite advances in therapy, the fiveyear survival rate of advanced or metastasised breast cancer patients remains as low as 26%, reflecting the need for further insights into the metastatic process and development of new therapies [4] . Understanding the metastasis mechanism of breast cancer and its difference from other tumour metastases is important for treatment and search for therapeutic targets.
Heterogeneous nuclear ribonucleoprotein (hnRNP) A2/B1 has two isoforms, namely, A2 and B1, which are the products of the alternative splicing of the precursor mRNA of the same gene. A2 is 12 amino acids shorter than B1 at the N-terminus and is mainly expressed in the cells at more than 95% [5] . Previous research found that the binding preference of RNA motifs is slightly different between A2 and B1 [6] , suggesting that they may have different functions. As an RNAbinding protein, hnRNPA2/B1 is involved in carcinogenesis through its interaction with other proteins [7] and participates in various
Overexpression and knockdown of genes
The coding regions of hnRNP A2, hnRNP B1 and PFN2 were cloned by PCR and inserted between the EcoRI and KpnI endonuclease sites of p3 £ Flag-CMV-10 expression construct. The primers are listed in Supplementary Table S2 . The PFN2 expression vector pLV-PFN2 (Vector ID:VB180625-1016sme) and control vector were purchased from VectorBuilder. For the knockdown of PFN2, siRNAs or negative control siRNA (Genepharma, Shanghai, China) were transfected into the cells by using Lipofectamine 3000 (Invitrogen, CA, USA,Cat# L3000015).
Cell proliferation assays
Cell proliferation was measured using growth curve assay. The cells were seeded into 96-well plates at a concentration of 5000 cells per well and incubated for different times. CCK-8 was added, and absorbance (OD) at 490 nm was recorded. The cell numbers were converted using OD values.
Stable isotope labelling with amino acids (SILAC) in cell culture and proteomic analysis
SILAC assay was performed according to a published protocol [24] . The cells were cultured in DMEM containing 10% dialysed FBS and heavy-isotope amino acid media or natural-isotope amino acid media (Thermo, USACat#89983). After six times of passage, the cells labelled with light or heavy amino acid were lysed. Equal amounts of light-or heavy-isotope-labelled proteins were mixed. Liquid chromatography tandem mass spectrometry (LCÀMS/MS) analysis was performed (AB Sciex Triple TOF 5600).
Tissue microarray
Tissue microarray (US Biomax, BR10010d) of 47 cases of infiltrative ductal carcinoma and lymph node metastasis and three cases of infiltrative lobular carcinoma was evaluated through immunohistochemical staining according to the protocol provided by US Biomax Inc. Images were captured by Precipoint M8 Digital Scanning Microscopy System. Optical density analysis of protein expression was conducted with Image Pro Plus. The protein expression level in immunohistochemical images was also determined by a pathologist according to the intensity and area of staining.
Western blot analysis
The protein samples were separated using sodium dodecyl sulphate polyacrylamide gel electrophoresis and transferred onto
Research in context
Evidence before this study Heterogeneous nuclear ribonucleoprotein (hnRNP) A2/B1 is an important RNA-binding protein that is expressed in the proliferation and metastasis of various cancer types and promotes such processes.
Added value of this study
In contrast to other cancer research, we report that hnRNPA2/ B1 expression was negatively correlated with breast cancer metastasis. hnRNPA2/B1 knockout promoted breast cancer cell metastasis in vitro and in vivo by activating ERK-MAPK/Twist and GR-beta/TCF4 pathways but inhibited STAT3 and WNT/ TCF4 signalling pathways, suggesting that the phenotype of inhibiting metastasis might be caused by the balance of multiple genes and the signalling pathways located downstream of hnRNPA2/B1. In addition, PFN2 downregulation by hnRNPA2/ B1 might partly explain the inhibitory mechanism of hnRNPA2/ B1 in breast cancer metastasis.
Implications of all available evidence
Our data supported the role of hnRNPA2/B1 in tumour metastasis risk and survival prediction in patients with breast cancer. The inhibitory role of hnRNPA2/B1 in metastasis was a balance of downstream multiple genes and signalling pathways. Therefore, hnRNPA2/B1 might be used as a new prognostic biomarker and valuable molecular target for breast cancer treatments.
polyvinylidene fluoride membranes. The membranes were blocked with 5% bovine serum albumin for 1 h at room temperature and incubated with first antibody overnight at 4°C. The membranes were subsequently incubated with secondary antibody for 1 h at room temperature. Protein signals were detected using chemiluminescent reagents (Millipore, USA,Cat# 190113-13) and visualised after exposure to the X-ray film. Relative optical density ratio was calculated using Image J software. The antibodies used in this study are listed in Supplementary Table S5 .
Quantitative PCR analysis
Total RNA was extracted using TRIzol (Invitrogen TM ) and reverse transcribed using PrimeScript TM RT Kit (TaKaRa, Cat#:RR047A). qRT-PCR was performed using ChamQ SYBR qPCR Master Mix (Vazyme, Cat# Q331-03). mRNA level was quantified using the 2 ÀDDCt algorithm with GAPDH or b-actin as the normaliser gene. The CT plots for GAPDH or b-actin gene are found in Supplementary Fig. S15 . All the primers used are found in Supplementary Table S3 .
Confocal immunofluorescence
Cells were seeded on sterile coverslips at 2 £ 10 5 cells/well, fixed with 3.7% paraformaldehyde and permeabilised in 0.1% Triton X-100/ PBS. Coverslips were blocked for 30 min by using 1% BSA, washed and exposed to a 1:250 dilution of ActinGreen TM 488 Stain (Gen-eCopoeia TM , Cat#C052T) for 30 min in the dark at room temperature.
After washing, the cells were incubated with 1 mg/mL diluted DAPI for 5 min at room temperature. The cells were photographed using FV1000 IX81 laser scanning confocal microscope.
F-actin analysis
The cells were harvested and incubated with phalloidin F-actin probe (ActinGreen TM 488 Stain, GeneCopoeia TM , Cat No.C052T) for 30 min. F-actin was assessed by fluorescence-activated cell sorting analysis on a Gallios Beckman Coulter.
Migration and Matrigel invasion assay
Migration and Matrigel invasion assays were performed using a Transwell plate. In brief, 1 £ 10 5 cells in 200 mL of serum-free DMEM with 0.1% sterile BSA were added into the upper chamber, and 600 mL of the complete medium was placed into the lower chamber (Corning, Cat#3422). The cells were incubated at 37°C for 24À48 h. After fixation in 95% ethanol and staining with 0.1% crystal violet, the migrated cells were counted in six randomly selected microscope fields.
For the Transwell experiment induced by EGF, the medium of the lower chamber was DMEM containing 0.1% BSA and 100 ng/mL EGF. For the Transwell experiment treated with Trametinib (MCE, Cat #1187431-43-1), the Trametinib concentration was 100 nM.
Migratory cell sorting experiment
Migratory cell sorting in vitro and in vivo were performed using Transwell plate and immunomagnetic beads, respectively. The expression of hnRNPA 2/B1 was analysed by Western blot and qPCR.
2.12.1. Migratory cell sorting experiment in vitro 7 £ 10 6 cells (cell invasion in Matrigel-covered membrane) or 5 £ 10 6 cells (cell migration in membrane without Matrigel cover) in 1.5 mL of serum-free DMEM containing 0.1% BSA were added into the upper chamber, and 2.6 mL of the complete medium was added into the lower chamber (Corning, Cat# 3428). The cells were incubated at 37°C for 24À48 h. The cells on both surfaces of the filter were digested with 0.01 M EDTAÀNa 2 in PBS and harvested separately.
Migratory cell sorting experiment in vivo
The model of human breast cancer xenografts was established. After 40 days, eyeball blood samples were collected from the mice. Erythrocytes were lysed and centrifuged to obtain a mixture of human and mouse cells. A mixture of human and murine cells from the xenograft was obtained from the same mouse. The eyeball blood samples from the mice injected with PBS were treated as negative controls to evaluate the sorting process. The human breast cancer cell line MDA-MB-231 in the cell mixture were sorted and purified with antihuman HLA-ABC (Biolegend, Cat# 311434) and anti-mouse CD45 (Ebioscience, Cat#13-9457-82) antibodies by using Dynabeads Ò FlowComp TM Flexi Kit (Invitrogen, Cat#11061D) according to the manufacturer's instructions. The purified human breast cancer cells were collected and counted, and cDNA was obtained from 1000 cells by using Whole Transcriptome Amplification Kit (Cel-lAmp TM , Ver.2).
RNA immunoprecipitation (RIP) analysis
RIP analysis was performed using hnRNPA2/B1 antibodies and Magna RIP TM RNA-Binding Protein Immunoprecipitation Kit (Millipore, Billerica, MA, USA,Cat#17-700) following the manufacturer's protocol.
Animal studies
Six-week-old BALB/c female nude mice were used for the models of spontaneous lung metastasis, pulmonary metastasis by tail vein injection and cancer blood burden. All animal handling procedures were approved by the Institutional Review Board of Xiamen University.
Model of spontaneous lung metastasis
Tumour cells were injected subcutaneously in the right axilla of 10 mice (3 £ 10 6 cells/100 mL). Tumour volume (in mm 3 ) was measured every 4 days and calculated using the following formula: volume = length £ width 2 £ 0.5. After 48 days, the mice were sacrificed to collect tumour, liver and lung samples. The tissues were fixed with formalin and embedded in paraffin. The slides were stained with H and E. Basic morphology was observed under light microscopy (Olympus IX51).
Model of pulmonary metastasis by tail vein injection
Tumour cells were injected into the lateral tail vein of eight nude mice (3 £ 10 5 cells/100 mL). The mice were sacrificed 6 weeks after injection. The lungs were harvested, fixed and stained with Bouin's solution. The metastatic colonies on the lung surface were counted. The lung and liver samples were fixed with formalin and paraffin embedded. The slides were stained with hematoxylin-eosin and observed by light microscopy (Olympus IX51).
Model of cancer blood burden
Tumour cells were injected subcutaneously in the fat pad under the breast of five mice (3 £ 10 6 cells/100 mL). At 3 or 6 days after transplantation, 100 mL of blood was obtained from the mouse's eye socket to test for metastatic cancer cells. Considering the low abundance of cancer cells in the blood, genomic DNA was abstracted, and qRT-PCR analysis was performed to measure circulating cancer cells with human-specific GAPDH or Alu primers and mouse-specific GAPDH primers.
Dual-luciferase reporter gene assay
The 3 0 -UTR of hnRNPA2/B1 mRNA and the mutant were cloned and inserted into pGL3 plasmid. Dual-Luciferase Reporter Assay was performed following the manufacturer's instruction. The full length of the 3 0 -UTR of mRNA, the first half of 3 0 -UTR (3 0 A) and the latter half of the 3 0 -UTR (3 0 B) were cloned and inserted into the Xbal-Fsel restriction site downstream to firefly luciferase (pGL3 promoter plasmid). 239T cells were co-transfected with the constructed recombinant (0.2 mg/ well) or control plasmids (0.2 mg/well) and Renilla luciferase reporter (4 ng/well) or hnRNP A2 overexpression plasmids. After 24 h, luciferase and Renilla luciferase activities were separately measured using a single-tube luminometer (Promega) following the manufacturer's instruction for the Dual-Luciferase Reporter Assay Kit (Promega, USA, Cat# E1910). The primers are listed in Supplementary Table S2 .
Statistical analysis
Statistical analyses were performed using Graphpad Prism 6.0. Data were presented as mean § SEM, and the statistical significance of the mean differences were determined using Student's t-test (t-test) and two-way ANOVA as indicated in the figure legend. Sample size (n) is also reported in the figure legend for each experiment, with n as the number of identically treated replicates. All tests were two-tailed, and P values < 0.05 were considered statistically significant.
Results

Downregulated hnRNPA2/B1 is associated with metastasis and prognosis in breast cancer
The expression data of breast cancer in public databases were analysed using the Breast Cancer Integrative Platform [25] . The expression of hnRNPA2/B1 decreased in breast cancer in contrast to that in other types of tumours ( Fig. 1A and Supplementary Fig. S1 ). Patients with high hnRNPA2/B1 expression had longer median survival time than those in the low expression group ( Fig. 1B and Supplementary Fig.S1 ). Moreover, hnRNPA2/B1 was significantly high in breast cancer patients, and good therapeutic responses and prognosis were obtained ( Supplementary Fig. S3 ).
The data from another source (http://kmplot.com/analysis/) also show that high hnRNPA2B1 in breast and lung cancer indicates significantly longer overall survival (OS) but shorter OS in gastric, ovarian and liver cancer. The high expression of hnRNPA2B1 indicates longer OS in breast cancer patients with positive lymph node metastasis but shorter OS in patients with negative lymph node metastasis ( Supplementary Fig. S4 ).
The expression data in breast cancer shows that in contrast to its effects in most tumours, high hnRNPA2B1 indicates good prognosis and survival rate. Considering that metastasis is a key factor in tumour-related death, we determined whether hnRNPA2B1 inhibits tumour metastasis. We evaluated hnRNPA2/B1 expression in Ductal Carcinoma in situ and Invasion Breast Cancer (IBC) samples in the gene chip data (GSE59246) from the GEO database. The mRNA expression of hnRNPA2/B1 significantly decreased in IBC (Fig. 1C ). We further analysed the tissue sample microarray containing breast cancer and matched the lymph node metastasis from 50 breast cancer patients. The immunohistochemical analysis shows that the positive and strong positive rates of hnRNPA2/B1 are as high as 80% in tumour tissues and 40.8% in lymph nodes. The expression of hnRNPA2/B1 was significantly reduced in the corresponding lymph node metastatic cancer tissues ( Fig. 1D and Supplementary Fig. S2A ), suggesting the negative correlation of hnRNPA2/B1 expression with tumour cell metastasis.
The comparison between the migrated and non-migrated MDA-MB-231 and MCF-7 cells revealed a significant decrease in the hnRNPA2/B1 expression in invasive cells (Fig. 1E ). The hnRNPA2/B1 expression significantly decreased in the metastatic tumour cells in the blood of mice compared with the non-migrated tumour cells in the xenograft (Fig. 1F ). These results further confirm that the low expression of hnRNPA2/B1 contributes to the invasive phenotype of breast cancer.
HnRNPA2/B1 knockout promotes migration and invasion but reduces cell proliferation in vitro
We knocked out hnRNPA2/B1 by CRISPR/CAS9 method ( Fig. 2A , Supplementary Fig. S5 ). The Transwell chamber assays indicated that the migration ( Fig. 2B ) and invasion ( Fig. 2C ) of hnRNPA2/B1 knockout MDA-MB-231 and MCF-7 cells significantly increased compared with the control cells. After restoring the expression of the A2 protein, the main product of the hnRNPA2/B1 gene, in two hnRNPA2/B1 KO cell lines (KO20 and KO28) ( Fig. 2D) , the migration and invasion of MCF-7 cells was inhibited ( Fig. 2E and F). Restoring A2 expression in MDA-MB-231 KO cells also inhibited migration and invasion (Supplementary Fig. S7 ). These results strongly confirm that hnRNPA2/B1 KO can significantly promote the migration and invasion of breast cancer cells in vitro.
The proliferation assay showed that hnRNPA2/B1 KO significantly reduced the proliferation of MCF-7 and MDA-MB-231 cells (Fig. 2G ). The restored B1 and A2 in MCF-7 KO cells promoted the proliferation ( Supplementary Fig. S7 ).
HnRNPA2/B1 knockout promotes breast cancer metastasis but inhibits tumour growth in vivo
The metastasis of tumour in vivo is a multistage process, where cancer cells enter the lymphatic or blood circulation from the primary site (early stage), move into the distal site from the circulatory system, anchor and grow (late stage). The lung metastasis (spontaneous lung metastasis) of the nude mouse xenograft mimics the entire cancer cell metastasis, and the tail vein injection lung metastasis animal model (experimental lung metastasis) mimics the latter stage of metastasis. hnRNPA2/B1 knockout and control cells were implanted subcutaneously into nude mice to explore the potential function of hnRNPA2/B1 throughout the breast cancer metastasis. The histological study of the pathological sections indicates that hnRNPA2/B1 knockout significantly promoted the spontaneous lung metastasis of MDA-MB-231 cells ( Fig. 3A and B) .
Cancer blood burden test was carried out to further validate the ability of breast cancer cells to metastasise to the blood stream from the primary site. Six days after the subcutaneous fat pad transplantation of mammary gland in nude mice, the metastatic cells in the blood were analysed by quantitative PCR. The results indicate that hnRNPA2/ B1 knockout significantly decreased the number of human breast cancer cells in the mouse blood system (Fig. 3C ). This occurrence may be the result of decreased cell viability, consistent with previous data on cell proliferation (Fig. 2G ). hnRNPA2/B1 knockout MDA-MB-231 cells (KO#2) and control cells (MOCK) were injected into the tail vein of nude mice to investigate the effect of hnRNPA2/B1 on the latter stage of breast cancer cell metastasis. The nodules that metastasised to the lung surface were counted. The average number of pulmonary metastases resulting from MOCK cells was 12.63 §4.25, whereas those induced by hnRNPA2/B1 knockout cells was 42.88 §13.31 (Fig. 3D ). The histological examination of the lung sections confirmed that the pulmonary nodules were invasive cancer. No significant difference was observed in the size of the nodules between the MOCK and KO#2 groups (p = 0.1135) ( Fig. 3E ). These data indicate that hnRNPA2/B1 knockout has a profound effect on the metastasis of breast cancer cells from blood to distal anchorage growth.
We further examined the effects of hnRNPA2/B1 knockout on the formation and growth of transplanted tumours. hnRNPA2/B1 (C) The expression data in the gene chip (GSE59246) from the GEO database indicated that hnRNPA2/B1 decreased significantly in invasive breast cancer (IBC, n = 85) compared with ductal carcinoma in situ (DCIS, n = 59). (D) The expression of hnRNPA2/B1 in the corresponding lymph node metastatic carcinoma tissues was significantly reduced compared with that in breast cancer tissues. A tissue microarray with 50 pairs of breast cancer and corresponding lymph node metastasis tissues was analysed by IHC staining and Image Pro-Plus 6.0. BRE: breast cancer tissues; LYM: matched metastatic tissues in lymph nodes. (E) Western blot analysis showed that the expression level of hnRNPA2B1 in highly aggressive cells was significantly lower than that in non-metastatic cells in the cell population derived from the same cell line. Highly invasive cells that penetrated Matrigel were selected using an in vitro invasion chamber. The representative image of three replicate experiments is shown. The quantitative expression of A2B1 was normalised by b-actin. *p < 0.05. **p < 0.01 (Student's t-test). (F) Quantitative PCR showed that the mRNA level of hnRNPA2B1 in metastatic cells was significantly lower than that in the non-metastatic cells of the transplanted tumours in vivo. MDA-MB-231 cells were subcutaneously transplanted in nude mice (n = 3), and the metastatic tumour cells were collected from the blood by using immunomagnetic beads. Human MDA-MB-231 cells in the cell mixture were sorted using anti-human HLA-ABC biotin and anti-mouse CD45 biotin antibodies. All data are expressed as mean § SEM (n = 3). *p < 0.05.**p < 0.01 (Student's t-test).
knockout completely inhibited the formation of transplanted tumours in MDA-MB-231 cells (Fig. 3F ). In MCF-7 cells, hnRNPA2/B1 knockout also significantly inhibited the growth of xenograft tumours (Fig. 3G) .
In contrast to findings reported in other cancers, the results show that hnRNPA2/B1 KO inhibits the growth of xenograft tumours but promotes spontaneous lung metastasis. Hence, hnRNPA2/B1 may have different effects on tumour growth and metastasis.
Breast cancer patients with high hnRNPA2/B1 expression have longer survival
We analysed the relationship between hnRNAP2/B1 expression and survival time of breast cancer patients by using the public databases of the Breast Cancer Integrative Platform (BCIP) and KM plotter. Patients with high hnRNAP2/B1 expression had high survival time (Figs. S1C and S4A) (n = 1958 in BCIP, n = 1764 in KM plotter), consistent with the speculation that hnRNAP2/B1 inhibits tumour metastasis, thereby prolonging patient survival. Further analysis of patients with positive or negative lymph node metastasis showed interesting results. Among patients without lymph node metastasis (Figs. S1G and S4G), those with high hnRNAP2/B1 expression had a shorter survival time, consistent with the expectation that hnRNAP2/ B1 expression promotes tumour growth and lead to death. In patients with lymph node metastasis (Figs. S1H and S4F), high hnRNAP2/B1 expression could prolong the survival time. The inhibition of hnRNAP2/B1 on tumour metastasis has become a major factor conducive to the survival of patients.
We further investigated whether hnRNAP2/B1 inhibits metastasis in different subtypes of breast cancer. In the BCIP database, patients with triple-negative breast cancer (TNBC) (n = 30) and high A2/B1 expression had higher survival time than the patients (n = 288) with low A2/B1 expression ( Fig. S1D ). In the KM plotter database, the TNBC patients (n = 101) with high A2/B1 expression had less survival time than those (n = 60) with low expression (Fig. S4Q) . The contradicting results from the two databases show that the analysis is no MDA-MB-231 cells were subcutaneously injected into nude mice. After 48 days, lung metastasis occurred in two, eight and nine nude mice in the control (n = 10), KO#1 (n = 10), and KO#2 (n = 9) groups, respectively. (B) The lungs of the tumour-bearing mice were assessed in terms of metastatic foci by histologically studying the pathological sections.
Results indicated that the knocked out groups (KO#1 and KO#2) had more lung metastatic nodules. Scale bar:100 mm. mean § SEM. **p < 0.01, ****p < 0.0001 (Student's t-test). (C)
Cancer blood burden assay showed that hnRNPA2/B1 KO significantly decreased the number of human breast cancer cells in the mouse blood system. The DNA level of GAPDH of the human cancer cell in mouse blood was measured through qRT-PCR by using human-specific GAPDH (hGAPDH) and mouse-specific GAPDH (mGAPDH) primers. n = 3 and n = 5 for MDA-MB-231 and MCF-7 cells, respectively. mean § SEM. ns: nonsignificant difference, P value = 0.1977. *p < 0.05, **p <0.01 (Student's t-test). (D) Experimental lung metastasis assay showed that hnRNPA2/B1 KO promoted the late stage of the lung metastasis of breast cancer cells. MDA-MB-231 cells were injected intravenously into nude mice. Statistical analysis showed that the number of lung metastatic nodules was significantly higher in the KO#2 group (n = 8) than in the mock group (n = 8). *p < 0.05 (Student's t-test), (E) Histological examination of pulmonary nodules. No significant difference was observed in the size of the nodules between the mock and KO#2 groups at p = 0.1135 (t-test). Scale bar: longer reliable due to the decrease in the number of samples, although both results showed a statistical P value of < 0.05. However, the data from the BCIP database ( Fig. S1D ) supported the results of the TNBC cell line MDA-MB-231.
The relationship between hnRNAP2/B1 expression and survival time was analysed in TNBC patients with lymph node metastasis. In the KM plotter database, no significant correlation was found between hnRNAP2/B1 expression and survival time in TNBC patients, regardless of positive ( Fig. S4R ) (n = 72) or negative ( Fig. S4S ) (n = 87) lymph node status. This occurrence indicates that the sample number in existing public databases is extremely small to obtain reliable results of TNBC subtype.
In the BCIP database, for ER-negative patients, high hnRNAP2/B1 expression was associated with high survival time (Fig. S1I ). For ERpositive patients, high hnRNAP2/B1 expression was associated with short survival time (Fig. S1J ). Although the difference is statistically significant, a small difference in the survival time was observed among ER-positive patients. In the KM plotter database, high hnRNAP2/B1 expression was associated with longer survival time in ER-positive ( Fig. S1I ) and ER-negative ( Fig. S1J) patients. These results suggest that hnRNAP2/B1 can at least inhibit metastasis in ER-negative patients.
HnRNPA2/B1 knockout promotes F-actin cytoskeleton formation and EMT in human breast cancer cells
EMT plays an important role in the metastasis of tumour cells. Increasing cellular contractility and actin stress fibre formation are the hallmarks of EMT [26] . In the present study, hnRNPA2/B1 knockout reorganised the F-actin cytoskeleton, increased the width of lamellipodium (the best-characterised motile organelle) and increased the number of migrated spindle cells ( Supplementary Fig.  S6 ). The percentage of migratory cells in hnRNPA2/B1 knockout cells significantly increased after EGF induction (Fig. 4A) . The induction of EGF on cell migration and invasion was confirmed by previous studies [27, 28] . We also evaluated the role of EGF in our research system. The Transwell assay showed that EGF promoted the migration and invasion of MDA-MB-231 cells ( Supplementary Fig. S8 ). The flow cytometry results also show an improved F-actin formation in hnRNPA2/B1 knockout cells (Fig. 4B) .
The detection of EMT markers shows that hnRNPA2/B1 knockout significantly downregulated E-cadherin and upregulated N-cadherin, ITGA5, ITGB1 and MMP9 ( Fig. 4C ). At the protein and mRNA levels, hnRNPA2/B1 knockout significantly upregulated the expression of Snail1, Twist and ZEB2, which are the main EMT-related transcription factors ( Fig. 4D and E) . In general, these data show that hnRNPA2/B1 knockout promotes the EMT process in breast cancer cells.
HnRNPA2/B1 knockout has contradictory effects on different EMTpromoting genes and signalling pathways
Multiple signalling pathways promote cancer-associated EMT progression and metastasis. The Western blot analysis results show that the phosphorylated ERK1/2 was upregulated in hnRNPA2/B1 knockout or knockdown cells (Fig. 5A) , and its downstream transcription factor Twist [29] increased (Fig. 4D ). Twist downregulated E-cadherin and upregulated N-cadherin, fibronectin and integrin alpha5 [26, 30] , as also confirmed by our data (Fig. 4C) . The ERK inhibitor Trametinib was used to treat breast cancer cells to further evaluate the effect of ERK phosphorylation on migration and invasion. With the reduction in ERK phosphorylation activated by A2B1 KO, the migration and invasion of MCF-7 KO and MDA-MB-231 KO cells were significantly reduced ( Fig. 5F and G) . Hence, hnRNPA2/B1 knockout promotes migration and invasion by activating the ERK MAPK/Twist pathway. hnRNPA2/B1 knockout inhibited several EMT-promoting genes and signalling pathways. The treatment also significantly downregulated the phosphorylated STAT3 level in MCF-7 and MDA-MB-231 cells (Fig. 5B ). Restoring the expression of hnRNPA2/B1 in knockout cells increased the level of total and phosphorylated protein of STAT3 ( Fig. 5B ), suggesting the activation effect of hnRNPA2/ B1 on the STAT3 pathway. hnRNPA2/B1 knockout has contradictory effects on the core components of the canonical Wnt pathway. hnRNPA2/B1 knockout significantly increased the expression of Wnt3 and beta-catenin, inhibiting its downstream transcription factor TCF4 (also known as TCF7L2) in MCF-7 and MDA-MB-231 cells (Fig. 5C ). hnRNPA2/B1 knockout may activate the downstream genes of the Wnt pathway. The glucocorticoid receptor (GR) gene generated two isoforms, namely, GRa and GRb, by alternative splicing. GRb directly interacted with TCF4 independent of beta-catenin and enhanced TCF4 activity at high levels [31] . Our transcriptome sequencing data indicated that the transcription factor GR was upregulated in hnRNPA2/B1 knockout cells (data not shown). The qRT-PCR results indicated that in hnRNPA2/B1 knockout cells, GRa mRNA was downregulated, whereas GRb mRNA was upregulated ( Fig. 5D ), suggesting the altered splicing of GR isoforms. The Western blot results confirmed that the GRb protein was upregulated by hnRNPA2/B1 knockout in MCF-7 and MDA-MB-231 cells (Fig. 5E ), indicating that TCF4 targeting genes may be activated. hnRNPA2/B1 knockout has contradictory effects on different EMT-promoting genes and signalling pathways, suggesting that the final phenotypic result may be a balance of the effects of different downstream genes of hnRNPA2/B1.
HnRNPA2/B1 knockout upregulates PFN2 expression in breast cancer cells and PFN2 promotes the invasive phenotype of breast cancer cells
SILAC technology combined with LC-MS/MS technology was used for quantitative proteomic analysis in MDA-MB-231 and hnRNP A2/ B1 KO cells (KO#1, KO#2) to further understand the effect of hnRNPA2/B1 on breast cancer cells. The regulatory pathway of actin cytoskeleton related to tumour metastasis was significantly altered by hnRNPA2/B1 knockout ( Supplementary Table S1 ). These pathways altered by hnRNPA2/B1 knockout suggest that hnRNPA2/B1 mainly affects the assembly of actin cytoskeleton, the interaction between cells and the extracellular matrix microenvironment of breast cancer cells.
We further investigated PFN2, which is associated with actin cytoskeleton assembly and is upregulated by hnRNPA2B1 knockout. The KEGG analysis indicated that PFN2 promotes actin polymerisation, stress fibres and lamellipodia formation, thereby promoting cell mobility ( Supplementary Fig. S11) .
The qRT-PCR results showed that hnRNPA2/B1 knockout downregulated the mRNA expression of PFN1 and upregulated the mRNA expression of PFN2 in MDA-MB-231 and MCF-7 cells (Fig. 6A) . The upregulation of PFN2 was confirmed by the Western blot analysis, whereas PFN1 did not dramatically change at the protein level (Fig. 6B) .
The PFN2 expression in lymph node metastases increased significantly by using the tissue microarray of invasive ductal carcinoma ( Fig. 6C, Supplementary Fig. S2B ), suggesting that PFN2 may promote breast cancer metastasis. Differential and OS analyses were conducted on the PFN2 gene in patients with breast cancer by using the data from KM-plotter (http://kmplot.com/analysis/) and the datasets of the TCGA_RNA_Seq and the METABRIC (http://www.omicsnet.org/ bcancer/). The results indicate a significant increase in PFN2 in breast cancer tissues compared with adjacent normal tissue, a significant increase in PFN2 in triple-negative breast cancer compared with non-TNBC and a lower survival probability in patients with high PFN2 expression ( Fig. 6D, Supplementary Fig. S9 ).
Small interference RNAs targeting PFN2 were constructed and transfected into breast cancer cells to study the role of PFN2 on breast KO inhibited the STAT3 pathway in the two breast cancer cell lines, and the restored expression of A2 or B1 protein in MCF-7 cells increased the level of the total STAT3 and phosphorylated STAT3. (C) hnRNPA2/B1 KO showed contradictory effects on the WNT/b-catenin/TCF4 pathway. hnRNPA2/B1 KO increased Wnt 3a and beta-catenin but decreased the transcript factor TCF4. (D) Quantitative PCR showed that hnRNPA2/B1 KO changed the splicing of the two isoforms of the glucocorticoid receptors GRb and GRa. Data are mean § SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 (Student's t-test), ns: not significant. (E) Western blot analysis results confirmed the upregulation of GRb in hnRNPA2/B1 KO cells. All the full panels of each Western blot can be seen in Supplementary Fig. S13. (F) Transwell results showed that after treatment of MCF-7 KO cells by Trametinib (Tra), ERK phosphorylation inhibitor, the migration and invasion ability of KO20 and KO28 cells decreased significantly. WB experiments showed that phosphorylation of ERK protein was completely inhibited. (G) ERK phosphorylation inhibitor also decreased the migration and invasion in MDA-MB-231 KO cells. All the data are expressed mean § SEM (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (Student's t-test). cancer metastasis (Fig. 6E ). The PFN2 knockdown was found to significantly decrease the migration (Fig. 6F ) and invasion (Fig. 6G ) of MDA-MB-231 and MCF-7 cells ( Supplementary Fig. S10A and B) , respectively. Overexpression of PFN2 in MDA-MB-231 cells promoted cell migration and invasion ( Supplementary Fig. S10C and D) . These data prove that PFN2 promotes breast cancer invasion.
HnRNPA2/B1 binds to the 3 0 -UTR region of PFN2 mRNA and reduces its stability
Considering that hnRNPA2/B1 is an RNA-binding protein, we performed an RIP experiment to determine whether hnRNPA2/B1 binds to the mRNA of PFN2. The RIP results showed that hnRNPA2/B1 bound to the mRNAs of PFN1 and PFN2 ( Fig. 6H and Supplementary  Fig. S10E ).
We hypothesised that hnRNPA2/B1 affects the stability of PFN2 by binding to its mRNA 3 0 -UTR. To verify the hypothesis, we cloned the 3 0 -UTR region and the fragments (3 0 A and 3 0 B) of PFN2 mRNA and inserted them behind the coding region of the luciferase reporter (Fig. 6I) . The results of the dual-luciferase reporter gene assay showed that the 3 0 -UTR and fragment 3 0 A of PFN2 significantly reduced luciferase activity, whereas fragment 3 0 B did not affect luciferase activity (Fig. 6J ). This finding suggests that hnRNPA2/B1 binds to the fragment A of the 3 0 -UTR of PFN2 mRNA and reduces the stability of PFN2 mRNA.
We found an RNA sequence UAGGG that can be bound by the hnRNPA2B1 protein [32] , which located on fragment 3 0 A. We mutated the sequence to UACCG. The dual-luciferase reporter gene assay in 293T cells showed that the mutated fragment A significantly increased the luciferase activity ( Supplementary Fig. S10F ). Considering that the endogenous expression of hnRNPA2/B1 in 293T cells may affect the experimental results, we repeated the dual-luciferase reporter experiment in hnRNPA2/B1 KO MCF-7 cells (KO28). The restored hnRNPA2/B1 expression significantly decreased the luciferase activity, whereas the mutant eliminated the inhibitory effect of A2B1 protein on luciferase activity (Fig. 6K) . These results confirm that the UAGGG sequence of the PFN2 3 0 -UTR is the binding site of the hnRNPA2/B1 protein and mediates the downregulation of PFN2 mRNA.
Discussion
In this study, we proved that hnRNPA2/B1 is a negative regulator of breast cancer metastasis. The role of hnRNPA2/B1 in breast cancer metastasis is quite different from that in other tumours. In hepatoma cells, hnRNPA2/B1 induces EMT and promotes the metastasis by activating the transcription factor SNAIL [33] . In prostate cancer [20] , cytoplasmic hnRNP A2 may activate the migration-promoting WNT pathway by promoting the expression of beta-catenin. hnRNPA2/B1 knockdown could reduce the adhesion, migration and invasion of glioblastoma by decreasing the expression of phosphor-STAT3 and MMP-2 [11] . hnRNPA2/B1 silencing increased the expression of Ecadherin and downregulated Twist1 and Snail, which are E-cadherin inhibitors in non-epithelial lung cancer cell lines A549 and H1703 [23] . These data suggest that hnRNPA2/B1 promotes metastasis in these tumours. Nevertheless, our cellular phenotype and animal model studies have shown that hnRNPA2/B1 may inhibit metastasis in breast cancer cells. The analyses of clinical samples and databases in support this conclusion.
Importantly, a limitation of our study is that only two cell lines were used: MCF-7 luminal A and MDA-MB-231 TNBC cells. Further, the in vivo studies did not include mammary gland implantation studies of MDA-MB-231 cells. Therefore, the application of these results to other breast cancer cells and subtypes remains to be determined. According to our analysis of breast cancer data in publically available databases, most subtypes with high hnRNPA2B1 expression had significantly longer survival time. Hence, the conclusion of this work may not only apply to luminal A and triple-negative breast cancer.
The different roles of hnRNPA2/B1 in different tumours may be attributed to the fact that hnRNPA2/B1 has many downstream genes [15] and even influence the processing and splicing of microRNA [34, 35] . These downstream genes and microRNAs may have different roles or different expression patterns in different tumours. The ultimate effect of hnRNPA2/B1 on metastasis may be a balance of the roles of downstream molecules. In addition, a previous study found that A2 and B1 proteins may have different preferences for different RNA molecules [6] ; the proportion of A2 and B1 may change in different tissues and pathological stages [5, 36, 37] , which further increases the complexity of the role of hnRNPA2/B1 in different tumours. These phenomena may have caused the contradictory roles of hnRNPA2/B1 in different cancers.
Our breast cancer tissue chip analysis showed that although 78% of breast cancer was hnRNPA2/B1 positive, its expression level was significantly reduced in the metastatic cancer tissues in the lymph node of the corresponding patients. Data analysis from public databases also showed that the low expression of hnRNPA2/B1 was accompanied by low survival. In this study, the knockout of hnRNPA2/B1 significantly promoted the migration and invasion in vitro and facilitated the metastasis of breast cancer cells in vivo. Our study confirmed for the first time that hnRNPA2/B1 plays a different role in breast cancer and is a negative regulator of breast cancer cell metastasis.
Our results found that hnRNAP2/B1 promoted tumour proliferation. The in vitro cell proliferation experiments and in vivo growth curves of the transplanted tumour showed that A2B1 KO significantly inhibited the proliferation of breast cancer MDA-MB-231 and MCF-7 cells. Significant differences were observed between the tumour sizes of the two types of A2B1 KO cells in vivo. This finding could be attributed to the fact that the two cell lines are different subtypes of breast cancer, and the roles of A2B1 in the two cell lines are subtly different. Proliferation and metastasis are two major causes of cancer death, and hnRNPA2/B1 showed opposite effects on these lethal factors in breast cancer. Clinically, metastasis is the main cause of tumour recurrence and death due to difficulty in controlling metastasis. Therefore, we speculate that high hnRNPA2/B1 expression should be clinically effective in prolonging the survival of breast cancer patients by inhibiting metastasis.
Our data not only demonstrate that hnRNPA2/B1 is a negative regulator of metastasis in breast cancer but also confirm that hnRNPA2/ B1 can bind to the UAGGG sequence in the 3 0 -UTR region of PFN2 mRNA to reduce its stability, whereas PFN2 promotes the metastasis of breast cancer cells. As an actin-binding protein, PNF2 regulates actin dynamics [38] and endocytosis [39] . PFN2 has been reported to promote invasion, metastasis and EMT in lung cancer [40, 41] and colorectal cancer [42] . Although other molecular mechanisms may exist, this finding at least partially explains the mechanisms by which hnRNPA2/B1 knockout promotes migration and invasion.
The transcriptome analysis of miRNAs regulated by hnRNPA2B1 indicates that hnRNPA2B1 is involved in the regulation of cell substrate adhesion [35] . In addition to the upregulated PFN2, alpha5/ beta1 integrin and its ligand fibronectin were significantly upregulated by hnRNPA2/B1 knockout. Alpha5/beta1integrin can directly or indirectly modulate MMP-2 collagenase activity and then regulate human breast cancer cell invasion [43] . Opposite forces produced by cellÀcell adhesion and extracellular matrix-mediated cell migration regulate cell dispersion from multicellular aggregates [44, 45] . Alpha5-mediated dispersion from the tumour mass overrides hnRNPA2/B1 KO promoted cell mobility by stabilising the mRNA of PFN2 and upregulating its expression. hnRNPA2/B1 KO promoted the activation of ERK MAPK pathway but inhibited the STAT3 pathway. The effects of hnRNPA2/B1 on the WNT/b-catenin/TCF4 pathway were complex and contradictory. On the one hand, hnRNPA2/B1 KO inhibited the TCF4 expression. On the other hand, hnRNPA2/B1 KO promoted the upregulation of GRb through alternative splicing, thereby maintaining or promoting the TCF4 activity.
alpha5-mediated tumour cell adhesion in fibronectin-rich microenvironment [46] . Both previous and present findings may explain why Transwell assay with Matrigel could isolate cell subsets with low hnRNPA2/B1 expression. The cells with low hnRNPA2/B1 expression upregulated alpha-5 integrin, and the fibronectin in Matrigel resulted in more migratory cells with high alpha-5 integrin.
We also found that A2/B1 knockout activated ERK MAPK signal pathway, improved the expression of transcription factor Twist downstream of ERK signalling pathway and altered some important cell adhesion molecules, such as the downregulated E-cadherin and the upregulated N-cadherin. Activation of the ERK MAPK/Twist1/ E-cadherin action axis also helps explain the promoting effect of A2/B1 KO on metastasis.
Interestingly, although hnRNPA2/B1 knockout appeared to promote metastasis in vivo and in vitro, STAT3 and TCF4 [31] which are found to promote metastasis [47À50], are inhibited in hnRNPA2/B1 knockout cells. More interestingly, hnRNPA2/B1 knockout promotes expression of GR beta through alternative splicing in our study, whereas GR beta maintains or facilitates TCF4 activity [31] . These findings further suggest that the downstream genes of hnRNPA2/B1 may play opposite roles in cancer metastasis, and the metastasis regulated by hnRNPA2/B1 should be a balance of these genes in breast cancer. hnRNPA2/B1 has a complex and even contradictory effect on metastasis, as reflected in the fact that A2B1 has opposite effects on the early and late stages of the metastasis of breast cancer cells. Although hnRNPA2/B1 knockout has been shown to promote metastasis in vivo, the animal model studies suggest that hnRNPA2/B1 knockout reduces the number of invasive cancer cells in the blood but promotes metastatic colonisation process. The decreased cell viability by A2B1 KO and the harsh blood environment for cells may explain the decrease in hnRNPA2/B1 knockout cells in the blood system. Similar phenomena were found in previous studies. For example, the loss of PFN-1 promotes vascular dissemination but causes a major impairment in metastatic outgrowth of MDA-231 cells, suggesting that PFN-1 downregulation has contrasting effects on early versus late steps of breast cancer metastasis [51] .
Some problems must be further clarified in our study. First, the effect of PFN2 on migration may require further validation in animal models. Second, are there other downstream genes of hnRNPA2/B1 involved in the regulation of metastasis? Third, hnRNPA2/B1 is reduced in metastatic cancer cells; then, who regulates the expression of hnRNPA2/B1 upstream? The answers will shed more light on the mechanisms of hnRNPA2/B1 in tumours.
Overall, our data first demonstrate that hnRNPA2/B1 is a negative regulator of breast cancer metastasis, unlike its roles in other cancers. This negative regulation may be due to the balance of multiple hnRNPA2/B1 downstream genes and signalling pathways. The hnRNPA2/B1 protein binds to PFN2 mRNA and downregulates its stability, thereby affecting the metastasis of breast cancer which at least partly explains the role of hnRNPA2/B1 knockout in promoting migration. hnRNPA2/B1 may be used as a new prognostic biomarker and a valuable molecular target for treatment of breast cancer.
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